Running title: Cell-type mitochondrial quality control related to m3243G mtDNA load.
INTRODUCTION
Mitochondria are dynamic organelles that continually undergo fusion and fission events in order to share their content and optimize their function. 1 Mitochondria generate much of the cell's ATP, house essential biosynthetic and metabolic pathways, participate in calcium and redox homeostasis and are key regulators of apoptosis. It is crucial for cell survival to maintain an efficient mitochondrial population through the elimination of dysfunctional mitochondria; hence there are multiple mechanisms acting at the molecular and organelle level to achieve mitochondrial quality control (mtQC). 2, 3 At the organelle level, when mitochondria become dysfunctional they form discrete organelles that are unable to fuse with the mitochondrial network 4 thereby facilitating their removal and destruction via autophagy, a process named mitophagy. Mitophagy is mainly mediated by 2 pathways, the PINK1 (PTEN induced putative kinase 1 )-PARK2 (parkin RBR E3 ubiquitin protein ligase ) and BNIP3 (BCL2 interacting protein 3)-BNIP3L (BCL2 interacting protein 3 like ) systems. 5 In the PINK1-PARK2 pathway mitophagy is usually triggered by an accumulation of PINK1 on mitochondria. PINK1 is imported and constitutively degraded in healthy mitochondria but after mitochondrial injury, PINK1 is stabilized and accumulates in the outer membrane, where it binds and recruits PARK2, an E3 ubiquitin ligase. 6 PARK2 ubiquitinates various mitochondrial proteins of the outer mitochondrial membrane, including the mitochondrial fusion proteins MFN1 (mitofusin1) and MFN2. The subsequent proteasomal-dependent degradation of mitofusins prevents fusion of the PARK2-positive mitochondria. 7 Finally, the ubiquitinated mitochondria are recognized by the ubiquitin-binding autophagic receptors, such as SQSTM1/p62 (sequestosome 1), NBR1, and OPTN (optineurin), that, by interacting with both poly-ubiquitin chains and LC3 (microtubule associated protein 1 light chain 3 beta), recruit the LC3-positive phagophore (the autophagosome precursor) on the surface of the dysfunctional fragmented mitochondria. [8] [9] [10] The BNIP3-BNIP3L system works by directly binding LC3 and therefore by docking the nascent phagophore on the mitochondria that accumulate BNIP3 or BNIP3L. 5 Therefore these mechanisms of selective mtQC involve not only mitophagy but also the synchronous regulation of the mitochondrial shaping machinery. [3] [4] [5] [6] [7] [8] [9] [10] [11] The human mitochondrial genome (mtDNA) encodes 13 polypeptides, all essential subunits of the oxidative phosphorylation system (OXPHOS). Mutations in the mtDNA are responsible for a wide range of diseases. 12 The most common point mutation is an adenine to guanine transition at nucleotide position 3243 (m3243G), in the MT-TL1 gene (mitochondrially encoded tRNA leucine 1 (UUA/G)), responsible for several clinical phenotypes, including syndromes characterized by Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like episodes (MELAS), cardiomyopathy, and Maternally Inherited Diabetes and Deafness (MIDD). 13, 14 Human cells have thousands of copies of mtDNA and individuals with pathogenetic mtDNA mutations often carry a mixture of mutated and wild-type (WT) mtDNAs in their cells, a situation referred to as heteroplasmy. A specific threshold level of mutant mtDNA must be exceeded to cause a respiratory chain defect in the cells. 15, 16 There is often a marked variation in the level of mutant mtDNA among tissues that is thought to be responsible for the diverse clinical phenotypes associated with the pathological mtDNA mutations. 17 Therefore, the segregation to high level of mutant mtDNA is the major factor in determining the pattern and severity of the disease phenotype. Multiple studies have revealed cell and tissue specific segregation of mutant mtDNA. [17] [18] [19] [20] [21] [22] [23] [24] Generally, in the same individual mutant mtDNA molecules accumulate in tissues, such as muscle, brain, heart; the opposite of what occurs in blood and lung where mutant load is lower. [17] [18] [19] [20] In line with in vivo results, we found that mutated mtDNA was accumulated in RD.Myo cybrids, 21, 22 while WT mtDNA was selected in A549.B2 cybrids. 23, 24 A better understanding of the molecular mechanisms underpinning the selection of mutant or wild-type mtDNA would provide new therapeutic approaches for mitochondrial diseases that are currently largely incurable. 25 Because mtQC offers a means of degrading mitochondria whose energy-producing capacity is compromised, 4, 5 it might account for the ability of A549.B2 cells to select wild-type mtDNA in preference to mutant m3243G. Therefore, we evaluated autophagy, mitophagy and mitochondrial dynamics in muscle and lung-derived tumor cell lines harboring different levels of m3243G, and related the findings to cellular energy status.
RESULTS

RD.Myo cells have a higher bioenergetic profile than A549.B2 cells
Considering the interplay of cellular bioenergetics and mtQC, 26, 27 oxidative phosphorylation and glycolytic parameters were analyzed in A549.B2 and RD.Myo cybrids, carrying different, but stable, proportions of mutant (m3243G) and wild-type mtDNA ( Fig.   S1A and B) . Mitochondrial ATP synthesis rates were similar in both WT and heteroplasmic A549.B2 and RD.Myo cybrids, when expressed relative to CS (citrate synthase), a widely used marker of mitochondrial mass (Fig. 1A) . 28 However, the A549.B2 cybrids had only around one third of the citrate synthase activity of the RD.Myo cybrids (Fig. 1B) , suggesting the capacity of their mitochondria to produce ATP was low, and this was reflected in the steady-state level of ATP (Fig. 1C) . Despite the RD.Myo cybrids had greater mitochondrial ATP producing capacity, they were less dependent on their mitochondria than the A549.B2 cybrids based on a comparison of the pair of cybrids with 100% m3243G (Fig. 1A,C) . Mutant load had no impact on ATP level in the RD.Myo cybrids, whereas the A549.B2 cybrid with 100% of the m3243G mutation had significantly less ATP than sister cybrids with lower mutant loads (Fig.   1C ). Hence, the high level of ATP in the 100% m3243G RD.Myo cybrids must derive from glycolysis, and this was corroborated by the much higher levels of HK2 (hexokinase 2) (an index of glycolytic metabolism 29 ) in RD.Myo cybrids compared to A549.B2 cybrids (Fig. 1D to   G) . These results are concordant with the low activity of glycolytic enzymes of A549 cells compared with C2C12 muscle-derived cell line reported by Guha, 30 and the small glycolytic contribution (~5%) to the total ATP produced by A549 cells. 31 The state 3 and 4 mitochondrial membrane potential and their ratio paralleled the mitochondrial ATP synthesis activity (relative to CS, Fig. 1A) , with only the homoplasmic mutant cybrids displaying a significantly lower membrane potential than the controls (Fig. 1H,I ).
In summary in our culture conditions, WT and heteroplasmic A549.B2 and RD.Myo cybrids had similar OXPHOS efficiency but a different bioenergetic profile. In line with previous in vitro [30] [31] [32] and in vivo results, 33 A549.B2 cells displayed low glycolytic capacity and reduced mitochondrial mass, on the contrary, RD.Myo cybrids showed high glycolytic and oxidative phosphorylation capacity.
Autophagy flux is not impaired in RD.Myo cybrids
Autophagy is an essential degradation pathway that clears the cell of redundant or damaged proteins and organelles. 34, 35 Moreover, the autophagy-lysosome system is also important for cell survival during stress conditions, such as in the absence of nutrients. 35 If the unusual ability of A549.B2 cells to eliminate mutant mtDNA 23, 24 is underpinned by mitophagy, then A549.B2 cells might display increased autophagic flux, compared to RD.Myo cells. When we analyzed LC3-II and SQSTM1 amounts as well as the autophagic flux, i.e. the increase of these markers after chloroquine (CQ) treatment ( Fig. 2A to D) , 36 we found that A549.B2 cells without mutant mtDNA display greater autophagic flux than the equivalent RD.Myo cells.
However, the situation is reversed in heteroplasmic cybrids ( Fig. 2A) . These data suggest that pathological mtDNA mutations can influence the process of autophagy but argue against changes in overall autophagy flux, being the explanation for the ability of A549.B2, and not RD.Myo, cybrids to purge their cells of mutant mtDNA.
Mitophagy flux is higher in A549.B2 than RD.Myo cybrids
Mitophagy is the specific degradation of mitochondria, or components thereof, by lysosomes via an autophagic process, and it has a mechanistically separate induction and regulation from total autophagy. [5] [6] PINK1, PARK2 and BNIP3 are the major players in the mitophagy process, that allow the recruitment of the phagophore to the damaged mitochondria. 5, 6, [37] [38] To understand if mitophagy flux differed between A549.B2 and RD.Myo cells, with and without mutant mtDNA, we employed the following biochemical, molecular and imaging assays.
First, we carried out a biochemical analysis. Mitophagy was estimated by monitoring the recruitment of LC3-II, SQSTM1/p62, PINK1, PARK2, and BNIP3 on isolated mitochondria.
The enrichment of these markers after CQ treatment was evaluated to provide an index of mitophagy flux 36 ( Fig. 2E to G; Fig. 3A to C, I to M; Fig. S2 ).
Unlike general autophagy, mitophagy diverged in A549.B2 and RD.Myo cells. In WT and heteroplasmic A549.B2 cybrids with mitochondrial LC3-II (mtLC3-II) and SQSTM1/p62 (mtSQSTM1/p62) increased after CQ treatment 3.3-3.8 and 5.7 times while minor changes occurred in RD.Myo ( Fig. 2E, G; Fig. S2 ). In A549.B2 cybrids these increases showed a significant positive correlation with m3243G mutant mtDNA accumulation ( Fig. 2H, M; Fig.   S3A and B). Conversely, in RD.Myo cells the amount of mtLC3-II negatively correlated with mutant load (Fig. 2L) , while mtSQSTM1 did not display any correlation with m3243G ( Fig.   2N ). Since LC3-II is a key mediator of autophagy these results suggested A549.B2 cybrids utilized mitophagy as a mitochondrial degradation pathway significantly more than RD.Myo cybrids.
Consistent with mtLC3 and mtSQSTM1 data, the mitochondrial recruitment of PINK1 (mtPINK1), PARK2 (mtPARK2) and BNIP3 (mtBNIP3) was significantly enhanced in A549.B2 but not in RD.Myo cell lines ( Fig. 3; Fig. S2) . Indeed, the turnover rate of mtPINK1 was 2.4 to 3.7 times greater in WT and heteroplasmic A549.B2 than in RD.Myo cybrids (Fig. 3A, 3I) , and there was no detectable signal of PARK2 (at around 50 kDa) in mitochondria of RD.Myo cybrids (Fig. 3L) , probably for an insufficient PARK2 expression level (Fig. 3P) and consequent mitochondrial recruitment. Moreover, mtPINK1, mtPARK2, mtBNIP3 levels and flux positively correlated with the increase of m3243G mutated mtDNA in A549.B2 cells (Fig.   3D,F,G; Fig. S3C to E) whereas an inverse trend for PINK1 (Fig. 3E ) (P< 0,001) or no correlation ( Fig. 3H) for BNIP3 was detected in RD.Myo cells. The opposite behavior of PINK1 in the 2 cell lines might reflect the fact that A549.B2 and RD.Myo cells express different species (Fig. 3I) , 39 confirmed by an siRNA approach, done in parallel with PARK2 downregulation (Fig S4) .
We also tested the CQ mediated accumulation of the recently reported mitophagic receptors , FUNDC1 (FUN14 domain containing 1) 40 and BCL2L13 (BCL2 like 13) 41 on isolated mitochondria of A549.B2 cells. CQ did not change the mitochondrial protein level of FUNDC1, a receptor for hypoxia-induced mitophagy 40 ( Fig. S5A and B) ; on the contrary, CQ resulted in a significant 3-fold increase of mitochondrial BCL2L13 amount in both WT and heteroplasmic A549.B2 cells (Fig. S5A, S5C ). In addition, mitochondrial BCL2L13 was 3-4 fold augmented in heteroplasmic mutant vs WT mitochondria. These results suggested that BCL2L13, but not FUNDC1, played a role in the active mitophagic flux in A549.B2 cells, probably both inducing fragmentation and/or cooperating with the PINK1-PARK2 system. 41 Next we carried out a molecular analysis. To establish whether the difference of mitophagy between A549.B2 and RD.Myo cells might be ascribed to a transcriptionallydependent regulation of these factors, we evaluated the expression of PINK1, PARK2 and BNIP3 by quantitative RT-PCR. To validate this comparison, the transcript level of the 2 housekeeping genes was estimated in a fixed number (10 7 ) of A549.B2 and RD.Myo cells. Both RPLP0 (ribosomal protein lateral stalk subunit P0) and B2M (beta-2-microglobulin), the 2 housekeeping genes, were similar in the 2 cell types and were unaffected by m3243G mutant load (Fig. 3N) . In WT and heteroplasmic mutant RD.Myo cells, the transcript level of PINK1 was significantly lower than in A549.B2 cybrids (Fig. 3O) . Similarly, PARK2 expression was also decreased in RD.Myo cells (Fig. 3P) , while PINK1, PARK2 and BNIP3 mRNAs were significantly increased in heteroplasmic vs 0% A549.B2 cells (Fig. 3O to Q) . Thus, A549.B2 but not RD.Myo cells, showed transcriptional induction of PINK1, PARK2 and BNIP3 in response to mutant mtDNA.
Subsequently, we examined mtDNA removal. To test mitochondrial disposal by mitophagy, mtDNA removal was determined by quantification of mtDNA copy number in WT and heteroplasmic mutant A549.B2 and RD.Myo cells untreated and treated with ethidum bromide (EtBr) (50 ng/ml) for 22 h with and without CQ, as described 42 ( Fig. 4A and B) . EtBr, blocking the mtDNA synthesis, [43] [44] [45] showing the percentage of mtDNA degradation consequent to mitophagy (Fig. 4A) . Similarly, in both WT and heteroplasmic RD.Myo, EtBr reduced the mtDNA amount at 58 to 60%, CQ treatment produced a slight and not significant increase of 14% and 3% in WT and heteroplasmic cells, respectively, indicating a reduced removal of mtDNA in RD.Myo cells (Fig.   4B ). The differences between mtDNA copy number of control (untreated cells) and CQ + EtBr treated cells were proportional to the growth rate, expressed as duplication time (Fig. S1C) and represented the portion of mtDNA synthesized to fill up the dividing cells.
Finally, we used a morphological analysis. The inference, from the LC3-II (Fig. 2) , PINK1-PARK2 and BNIP3 abundances and turnover ( Fig. 3 ) and mitophagic mtDNA degradation ( Fig. 4A and B) , that RD.Myo cells largely eschew mitophagy compared to A549.B2 cells, was further corroborated by confocal microscopy analysis of cells transfected with GFP-LC3B and red fluorescent protein targeted to mitochondria (mtRFP). The LC3-positive puncta that colocalized with mitochondria were quantified and expressed as puncta/cell ( Fig. 4C to E) , in absence of GFP-LC3 aggregates, as tested in detergent-soluble fraction of GFP-LC3B transfected cells immunoblotted for ubiquitin and LC3 (Fig. S6C ). In line with the above data, also the morphological analysis showed that mitophagy was active in A549.B2 but not in RD.Myo cells. In fact, CQ treatment enhanced 3.3-4.6 fold the double positive vesicles in A549.B2 cybrids, but only 1.3 to 1.6 fold in RD.Myo cybrids (Fig. 4E) .
Moreover, the heteroplasmic A549.B2 cells carrying the m3243G mutation increased by 50% the mitophagic flux when compared to 0% A549.B2 cells (4.6 vs 3.3; Fig. 4C and 4E ), in accordance with the biochemical data (Fig. 2E, G) . Consistently, the high mitophagic flux in A549.B2 cells was confirmed by colocalization of endogenous LC3 puncta with immunostained mitochondria (by using anti-LC3B and anti-ATP5J antibodies) ( Fig. S6A and 
B).
These findings indicated a greater mitophagic capacity and flux in A549.B2 than RD.Myo cells. Moreover, m3243G enhanced mitophagy in A549.B2 but not in RD.Myo cybrids.
These differences did not reflect a deficiency of the lysosomal degradation pathway in RD.Myo cells, as autophagy was active in heteroplasmic RD.Myo cells ( Fig. 2A and B, D) .
A fragmented mitochondrial network is permissive for mitophagy in A549.B2 cybrids Modulation of mitochondrial shape plays a key role during mitophagy. 3, 4 Mitochondrial fragmentation is necessary for the removal of damaged organelles, while mitochondrial fusion can complement damaged or dysfunctional units and possibly recover their activity, thereby maintaining metabolic efficiency. 1, 46 Hence, one means by which RD.Myo cells might avoid or prevent mitophagy would be to organize their mitochondria in an interconnected reticular network. Conversely, A549.B2 cells might have a more fragmented mitochondrial population to enhance mitophagy. Therefore, we assessed whether mitochondrial morphology was consistent with the differences in mitophagy of A549.B2 and RD.Myo cells.
Labeling of the mitochondria of A549.B2 and RD.Myo cybrids with mt-RFP indicated that the A549.B2 cells displayed many fragmented mitochondria, whereas RD.Myo cells showed tubular interconnected mitochondria (Fig. 4F and G) (RD.Myo vs A549.B2 P<0.001).
The difference was accentuated by the presence of m.3243G mutant mtDNA, with heteroplasmic A549.B2 cybrids having the most fragmented mitochondria, whereas elongated mitochondria were most extensive in RD.Myo cybrids with mutant mtDNA (Fig. 4G) .
Three mammalian proteins are required for mitochondrial fusion. 47 Mitofusins (MFN1, MFN2) are important for outer membrane fusion while OPA1 is involved in inner membrane fusion. 48, 49 Mitochondrial fission is mediated by DNM1L (dynamin 1 like ), which is recruited to mitochondria via the receptor proteins MFF (mitochondrial fission factor), FIS1 (fission, mitochondrial 1), MIEF1 (mitochondrial elongation factor 1) and MIEF2 (mitochondrial elongation factor 2 ). 50, 51 Besides the receptor recruitment, DNM1L needs also to be activated by a PPP3/calcineurin-dependent dephosphorylation. 52 Consistent with the mitochondrial morphology, the DNM1L was significantly more enriched in the mitochondrial fraction of A549.B2 cells than those of the equivalent RD.Myo cells (Fig. 5A,C) Fig. 5E to H) . Thus, the fission and fusion machinery of the 2 cell lines predicted fragmented mitochondria in A549.B2 cybrids and an extensive reticular network in RD.Myo cells.
In summary A549.B2 cells had discrete mitochondria that were susceptible to mitophagy whenever dysfunctional, and they expressed sufficient PINK1 and PARK2 to execute mitophagy. Conversely, RD.Myo cells, that had a much lower capacity for mitophagy, maintained their mitochondria in a form that was resistant to mQC process.
Dysfunctional mitochondria are more evident in A549.B2 than in RD.Myo cybrids
Since the PINK1-PARK2 system is sensitive to mitochondrial membrane potential (Δψm), 53, 54 we inferred a different pattern of mitochondrial depolarization in A549.B2 and RD.Myo cells. To verify this, we investigated Δψm by flow cytometry of TMRM (tetramethylrhodamine methyl ester), a fluorescent probe that accumulates in polarized mitochondria and is released when Δψm decreases. 55, 56 Since dysfunctional-depolarized mitochondria can be masked by the ATP synthase operating in reverse mode, such that Δψm is maintained by consuming ATP, we treated the cells with oligomycin, an inhibitor of mitochondrial ATP synthase. 57, 58 Under standard growth conditions depolarized mitochondria accounted for 6% of the total in the RD.Myo and 9% in A549.B2 cybrids, with no mutant mtDNA (Fig. 6A, 6B) . In presence of m3243G mutant mtDNA, mitochondria of RD.Myo cells had a similar Δψm; mitochondrial depolarization was obtained only after addition of the protonophore FCCP (carbonylcyanide-p-trifluoromethoxyphenyl hydrazone) (Fig. 6B) . In A549.B2 cybrids m3243G mutated mtDNA induced a 2 fold higher depolarization (Fig. 6A) than in RD.Myo cells. Comparing the 2 sets of cybrids, the presence of m.3243G mtDNA was associated with significantly higher number of depolarized mitochondria in A549.B2 but not RD.Myo cell lines (Fig. 6C) . Blocking autophagy by CQ treatment increased the levels of depolarized mitochondria in A549.B2, but not in RD.Myo, cells ( Fig. 6D; Fig. S7) , thereby, providing strong additional evidence that the mitophagy pathway is repressed in RD.Myo cells.
In summary, dysfunctional mitochondria were much more evident in heteroplasmic A549.B2 than RD.Myo cells, and mitophagy efficiently removed them to a much greater extent in A549.B2 than in RD.Myo cells.
DISCUSSION
The main findings of the present study indicate that general autophagy and mitophagy are dissociated and that regulation of mtQC (i.e.: mitochondrial dynamics and mitophagy) in response to m3243G mutant load is cell-type specific.
Our original idea was to find higher autophagy in A549.B2 than RD.Myo cells that would preferentially remove the mutated mtDNA. [21] [22] [23] [24] Differently from general autophagy, the specific elimination of dysfunctional mitochondria by mitophagy differs completely between the 2 cell types. In fact, A549.B2 cells show higher mitophagy and mitophagic mtDNA removal ( Fig. 4A and B) , when compared to RD.Myo cells. Molecular, biochemical and morphological analyses identified the involvement of PINK1-PARK2 and BNIP3 systems in the selective mitochondrial removal (Figs. 2 to 4) .
Furthermore, consistent with mitophagy data, morphological and biochemical analyses revealed a different organization of mitochondrial network in the 2 cell types being mainly fragmented in A549.B2 and fused in RD.Myo cells (Figs. 4 and 5) . In A549.B2 cells, the fragmented mitochondrial network is enhanced by the m3243G mutant load (Fig. 4F and G) , in parallel the mitochondrial depolarization (Fig. 6) and mitophagy (Figs. 2 and 3) are also increased. In fact, loss of mitochondrial membrane potential was found in A549.B2 heteroplasmic cybrids but not in the equivalent RD.Myo cybrids (Fig. 6) . Selective mitophagy is predicted to clear damaged mitochondria (i.e. caused by high levels of pathological mtDNA mutations). In this model, fission events produce 2 functionally dissimilar mitochondria: one with high Δψm and the other with reduced/lost Δψm. The depolarized mitochondria activate the PINK1-PARK2 system for the autophagy-dependent removal and destruction. 4 It is well known that asymmetrical fission results in uneven distribution of dysfunctional mitochondrial components that are expected to increase with the progressive accumulation of mutant mtDNA. 4, 5 Hence the increase of mtQC in response to higher percentage of m3243G mutated mtDNA in A549.B2 cells. In heteroplasmic RD.Myo cells this response is abolished, leading to a progressive accumulation of m3243G-mutant mitochondria. However WT RD.Myo cells had high protein levels of mtPINK1 (Fig. 3A,I) , absence of the mtPARK2 signal at around 50 kDa (Fig. 3L) , and a reduced mitophagic flux. These data are difficult to explain, even if it is not to exclude the presence of specific protein isoforms 59 and/or posttranscriptional modifications. 60 There is evidence of a PINK1 role in maintaining mitochondrial integrity in mild oxidative stress. 61 Therefore, we can speculate that the increased levels of mtPINK1 in WT RD.Myo cells may be related to additional protective functions, which PINK1 carries out in the mitochondrial network. Recently Valenci has provided in vivo evidence for the PARK2-mediated change of mtDNA heteroplasmy. 65 However, other reports fail to find specific PARK2-mediated mitophagy in cells with genetically-and/or chemically-induced mitochondrial depolarization. 66, 67 These discordances may be explained by considering that interaction of the mitochondrial mutation pattern with mtQC-mitophagy is a complex process dependent on multiple factors, such as cell bioenergetics, culture conditions, level of PARK2 expression, cell-type and specific mtDNA mutations. 68 Noteworthy, our data were obtained in cells containing the same mutation, that were grown in identical culture conditions therefore minimizing the factors that strongly influence bioenergetic status, morphology and dynamics of mitochondria. 28, 69 Therefore, the differences observed in mtQC and bioenergetics are due to the respective cell-type specificity.
A549.B2 cells had reduced glycolysis and mitochondrial mass (Fig. 1) compared to RD.Myo cells. Moreover the A549.B2 cells relied prevalently on OXPHOS activity for their energy purposes. [30] [31] [32] 70 Therefore, it would be expected a preferential selection of fully functional mitochondria by an active mtQC process. RD.Myo cells display a greater bioenergetic capacity 30, 32 than A549.B2 cells. Consistently, our data show higher glycolysis, mitochondrial mass and ATP amount (Fig.1) . RD.Myo mitochondrial network appears as long filaments (Fig 4F and G) . A highly fused mitochondrial network is important for proper mitochondrial calcium buffering and for the optimal production of ATP because of a higher cristae density and an ideal organization of electron transfer chain components in super complexes. 51, 71 In summary, mitochondrial fusion is advantageous under conditions of high energy demand, and optimizes mitochondrial function in stress conditions. 71 Moreover, elongated mitochondria are protected from mitophagy, as recently shown in hearts lacking the fission protein DNM1L. 72 Importantly, mitochondrial fusion allows the transfer of soluble and membranous components, favoring functional complementation that reduces the deleterious effects of mtDNA mutations to preserve respiratory function. 73, 74 In this way, the entire mitochondrial compartment works as a single dynamic unit to maximize ATP synthesis. 75 In this scenario, the reduced mitophagy and elimination of mutant mtDNA variants, together with replicative advantage of the m3243G mutation, 76 might favor mutant mtDNA accumulation until the WT mtDNA cannot further compensate for the effect of the mutant one. Consistently, a genetically-induced fusion mimics and accelerates a similar physiological process. 21 Another key element in modulating mitochondrial dynamics is the redox state. Fusion is induced by oxidized glutathione 77, 78 and regulated by the redox-sensing protein ROMO1. 79 Fusion, and the consequent sharing of antioxidant defense, is considered a protective response to oxidative stress, preserving mitochondrial redox balance. 78, 80 Indeed, mitochondrial fragmentation is associated with increased mitochondrial ROS levels, conversely tubular morphology prevents ROS production. 51, 80 A549.B2 cells, but not RD.Myo cells, are equipped with a robust antioxidant defenses 81 that maintain redox homeostasis and may protect them from the oxidative stress arisen by mitochondrial fragmentation (data not shown).
We might conclude that high-energy demand, functional complementation and redox homeostasis dictate the mitochondrial fate, favouring mitochondrial fusion, the consequent maintenance of high Δ m and reduced mitophagy in RD.Myo cells. Conversely, the reduced bioenergetic profile and the increased antioxidant defenses favour mitochondrial fission, mitochondrial depolarization and the increased selective mitophagy, that should be balanced by a limited biogenesis, in A549.B2, considering the reduced mitochondrial mass.
To our knowledge this study provides the first instance of a cell-type difference in mtQC, driven by mitophagic activity and mitochondrial dynamics. Whereas a cell-type dependent regulation of mitochondrial morphology is well documented and usually linked to cell-type-specific functions and physiological energy demands. 82 Only 2 in vivo studies in rat report a gender-associated tissue difference in total autophagy, but not in mitophagy. 83, 84 The cell lines used in this investigation are cybrids obtained from immortalized cells:
respectively from adenocarcinoma-A549 23 and from rhabdomyosarcoma. 45 Although these cells have obvious differences from their normal counterparts and mammalian tissues in vivo, they do maintain varying degrees of lineage specific traits. For example, A549 cells, derived from human lung carcinoma, retain characteristics of type-II alveolar epithelial cells, 85 while rhabdomyosarcoma-derived cells retain biochemical characteristics of skeletal muscle cells, 86, 87 and functional capacity to differentiate into polynuclear myotubes. 22 Moreover the A549.B2 and RD.Myo cybrids largely mirrored the bioenergetics profile of parental tissues. 33 In summary the present data reveal a novel relationship among genetic background and mtQC, they strengthen the link between cell-type specific segregation of the m3243G mtDNA mutation and mtQC and might contribute to understand mtDNA fate in different celltypes.
MATERIAL and METHODs
Cell culture.
Homoplasmic and heteroplasmic cybrids, from rhabdomyosarcoma (RD.Myo) and adenocarcinoma-A549 (A549.B2) parental lines, harboring the MELAS mutation m3243G, were established as previously described. [21] [22] [23] 
Mitochondria isolation.
For mitochondria isolation, cells were seeded in 10 -mm) at the density previously reported and treated with or without 50 µM CQ. After 6 h cells were collected and mitochondria were isolated as described. 89 Briefly, cells were scraped on ice, pelleted at 600 g for 5 min and washed twice in cold PBS (Gibco-ThermoFisher Scientific, 14190). The cell pellets were broken by adding one volume of hypotonic homogenization buffer (IB 0.1X: 3.5 mM Tris-HCl, pH 7.8, 2.5 mM NaCl, 0.5 mM MgCl2), and homogenized by 10 or 20 strokes for RD.Myo or A549.B2 cybrids respectively, using a Velp Scientifica homogenizer (Italy). Soon after 1/10 of the packed cell volume of hypertonic buffer IB 10X was added. This homogenate was centrifuged at 1200 g for 3 min at 4°C twice. The supernatant was centrifuged at 15000 g for 2 min at 4°C. The pellets containing the mitochondria were washed using homogenization buffer A (0.32 M sucrose (Sigma-Aldrich, S9378), 1 mM EDTA, and 10 mM Tris-HCl, pH 7.4) and the pellets were stored at -80°C until use. CS was quantified. 1000, 2000 or 5000 nm/min/mg prot of CS activities were loaded for the different analysis. Mitochondrial enrichment was tested by western blot (WB) as the ratio between GADPH (cytosolic marker) and TOMM20 (mitochondrial marker) in the total lysate (TL) and isolated mitochondria from A549.B2 and RD.Myo cells. 89 As shown in Fig. S8 , in total lysate the ratio was 1.45 ± 0.24 whereas in isolated mitochondria 0.08 ± 0.02. This procedure yielded 18-fold enrichment of mitochondrial fraction compare to total homogenate, indicating a good purification of mitochondria (Fig. S8) .
Preparation of detergent-soluble and -insoluble fractions.
Twenty-four h after GFP-LC3B transfection, 0 and 80% A549-B2 cells were treated as described. 90 Briefly, cells were scraped on ice and dissolved in ice-cold lysis buffer (150 mM NaCl, 20 mM Tris-HCl, pH 7.4, 0,5% Triton X-100 (Sigma-Aldrich, T9284), protease inhibitor cocktail (Sigma-Aldrich, P8340)); then were centrifuged at 500 g for 10 min at 4°C to separate supernatants (fractions soluble in 0.5 Triton X-100) and pellets. Pellets were resuspended in 1% SDS in PBS Triton X-100 as insoluble fractions. The fractions were analyzed by WB.
Molecular analysis
Quantitative Real Time PCR (RT-PCR).
Total RNA was isolated from cybrids using Mitochondrial genotyping by last-cycle-hot PCR. The amount of heteroplasmy for the m3243G mutation was measured in DNA samples extracted from cells as described previously. 21 Briefly, the regions around the mutation site in the MT-TL1 gene, were PCR amplified using mtDNA-specific primer pairs: F 5´-GTTCGTTTGTTCAACGATT -3´; R 5´-GGTAAGATTACCGTTACCG -3´, with addition of [α-33 P]dCTP (Hartmann Analytic, SRF205/09.25) in the last synthesis cycle. Labeled PCR products were then digested with the restriction enzyme, diagnostic for the site polymorphisms created by the mutations (ApaI) (New England Biolabs, R0114S), and products of replicate digestions were separated by polyacrylamide gel electrophoresis and phosphoimages were analyzed with Gel-Pro Analyzer software.
Biochemical analysis
Western blotting analysis. Total cell lysates were prepared by maintaining the cells on ice for 30 min with 200 μl of RIPA buffer (65 mM Tris, 150 mM NaCl, 1% Nonidet P-40/IGEPAL CA-630 (Sigma-Aldrich, I3021), 0.25% Na-DOC (Sigma-Aldrich, D6750), 1 mM EDTA, pH 7.4) and 7 l of a cocktail of protease inhibitors (Sigma-Aldrich, P8340)).
Mitochondria were extracted as described previously. 89 Total protein levels were determined using the BCA protein assay kit (ThermoFisher Scientific, 23227). After centrifugation at 14,000 gmax for 15 min at 4°C, an equal amount of protein (30 µg Only the voxels with that dimension or greater were considered. 96 Colocalization: once obtained all the voxels with the right dimension, the colocalization was analyzed using the following formula:
A red-green colocalized voxel was considered only when the green voxel was bigger than the red one.
Statistical analysis.
Data were expressed as mean ± SD or mean ± SE. Statistical analysis of group differences was examined by using the Student t test. Values of P < 0.05 were considered significant. 
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